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ABSTRACT

Chromium (Cr) redox chemistry in the environment occurs through intermediate species
penta-valent Cr (Cr(V)) and tetra-valent Cr (Cr(IV)) which are highly reactive. Environmental
literature lacks substantial information on Cr(V) and Cr(IV) species in various redox processes. A
perspective is first presented on the aquatic chemistry of Cr(V) and Cr(IV) and their behaviour
under different environmental conditions. Following this, Cr-intermediate species were
investigated in the reaction between Cr and peroxyacetic acid (PAA). Transition metal ions have
been used to activate the disinfectant PAA for improved degradation of organic contaminants. The
potential of Cr(Ill) already existing in water may react with PAA, producing radical species and
Cr-intermediates that can oxidize coexisting contaminants in water. This research finds enhanced
degradation of trimethoprim (TMP) and other pharmaceuticals from PAA-Cr(IIl) in basic pH.
Reactive species present in this system are explored and implications of Cr(IV) and Cr(V) for

future pollutant degradation are discussed.
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CHAPTER 1

Overlooked role of chromium(V) and chromium(IV) in chromium redox

reactions of environmental importance

1.1. Introduction

Heavy metals are known to pollute water resources and have both natural and
anthropogenic sources. Anthropogenic sources of heavy metals consist of sewage discharge,
pesticides, mine tailings, and coal combustion residuals, while natural sources of heavy metals can
include soil erosion and weathering.'? Industrial processes extracting metals may illegally
discharge waste into the natural environment creating pollution events that need complete
remediation.’ Anthropogenic disturbances of geochemical processes can cause background levels
of heavy metals to elevate and bioaccumulate, posing health risks to humans and the ecosystem
because of their persistence in the environment and damage to the nervous system and other
organs.*> Among heavy metals, chromium (Cr) is a major pollutant, entering soil from waste of
industrial activities such as coal-fired power generation, chrome pigment production, wood
preservation, stainless steel production, galvanization, cement production, electroplating, and
leather tanning.~ Chromium has four isotopes in nature: isotopes *°Cr, *>Cr, **Cr, and **Cr having
respective abundances of 4.35%, 83.79%, 9.50%, and 2.36%.'°

The oxidation states of chromium ranges from -2 to +6. Three forms of Cr (Cr(0), Cr(III),
and Cr(VI)) are thermodynamically stable and are extensively used in various industrial
applications. The application of Cr(0) is in its metallic form (e.g., iron-based alloys such as

stainless steel). Pollution from incineration of chrome materials results in small Cr(Ill)- and



Cr(VI)-containing particles, which may be inhaled through polluted air exposure and ultimately
increase the levels of Cr in surface waters. Considering this and other pollution routes, Cr has been
listed as a priority pollutant by the United States Environmental Protection Agency (USEPA) and
is regulated in drinking water. The USEPA has set a Cr limit of 100 pg/L in drinking water.
(https://www.epa.gov/sdwa/chromium-drinking-water)

In natural environments, most of Cr is present in Cr(VI) and Cr(IIl) species and their
concentrations depend on the total concentration of Cr, pH and pe of water (Fig. 1.1).!! The
oxyanions of Cr(VI) (i.e., Cr.07* and HCrO4') are dominant species between pH 0.0 and 6.0.
Other oxyanion of Cr(VI), CrO4* appears at pH ~ 4.5 with maximum concentration at pH > 8.0.
Comparatively, there are five species of Cr(IIl) present in water (Cr’*, CrOH?*, Cr(OH),",

Cr(OH)3°, and Cr(OH)4").!? The values of redox potential (i.e., pe) and pH provide information for

which of the equilibrium species of Cr exist in the water. Insoluble at neutral pH, Cr(III) is the
most thermodynamically stable and kinetically inert.!* The Cr(III) ion exists in a hydration sphere
as the hexaaquo ion [Cr(H20)6]*" (pKa = 4.0), with each water molecule being hydrogen bonded
to two other water molecules in a second sphere.!*!> The speciation of Cr(III) as a function of pH
is presented in Fig. 1.2.!? The Cr species in an acidic medium is Cr(III), whereas Cr(OH);" and
Cr(OH)4 are main Cr species in alkaline conditions (Fig. 1.2).'?

Chromium(III) has also been known as an essential micronutrient for humans; however,
the molecular mechanisms are still unclear, bringing into question how essential its supplication
is.!* Some studies regard Cr(IlI) supplementation as beneficial in weight loss for patients with
diabetics, while others postulate that excessive intake could be carcinogenic.'® Concerns over
potential oxidation of Cr(III) supplements to Cr(VI) rise from physiological variation in pH, redox

potential, and occurrence of oxidizing compounds. The Food and Nutrition Board of the National



Academics of Sciences, Engineering, and Medicine has set adequate intake values of Cr(III) at 25
pg/day and 35 pg/day for women and men, respectively, far less than provided by chromium
supplementation.'® The World Health Organization has set an upper limit of safe intake of Cr at
250 pg/day; excessive Cr(IIl) intake is unwarranted at this time because of studies revealing
toxicity of Cr(III) at high concentrations.!” For example, the popular Cr(III) supplement known as
chromium picolinate (Cr(pic);) has shown clastogenic, cytotoxic, and chromosome damage to
Chinese hamster ovary cells with other short-term tests that have revealed deoxyribonucleic acid
(DNA) damage.'®! Yet, other studies have shown no genotoxic effects in physiological
conditions, including a chronic study on rats and mice revealing no toxicity of Cr(pic)s.!”?° One
reason for the apparent discrepancy in toxicity could be due to the low cellular uptake of Cr(III).%°
Significantly, Cr(VI), but not Cr(IIl) has been reported to have potential effects of cancers to
humans.”*! Therefore, more stringent regulations in the State of California have even set Cr(VI)
limits in drinking water to 10 pg/L.*?

The toxicity of Cr(VI) is potentially related to the production of reactive intermediates
Cr(V) and Cr(IV) under biological environments. In earlier research, the presence of Cr(V) and
Cr(IV) was largely ignored. However, detection of Cr(V) with ligands such as thiols, glycols, and
phenols has led to elegant publications including reviews, especially since the finding that the
Cr(V) species are capable of damaging DNA.'%??* Reduction of Cr(VI) to Cr(V) and
subsequently to Cr(III) is an intercellular reduction process, possibly carried out by nicotinamide
adenine dinucleotide (NADH) and/or nicotinamide adenine dinucleotide phosphate (NADPH).?
Other intercellular reducing agents include cysteine, lipoic acid, fructose and ribose, as well as
redox proteins such as cytochrome P450 and hemoglobin.!* Under physiological conditions, the

reduction of Cr(VI) by ascorbate and glutathione that occurs within cells can also produce reactive



oxygen species (ROS) such as singlet oxygen ('02), superoxide radical (O2™®), hydroxyl radical
(*OH), and hydrogen peroxide (H>0) that can damage DNA.>>=°

Though ROS have shown to play a role in Cr(VI)-induced oxidative stress, the direct
relationship between DNA-ROS and Cr(VI)-induced DNA damage is still debated.'* For example,
a tetraperoxochromate(V) species has been suggested in the reduction of Cr(VI) by H>O», forming
ROS like *OH that resulted in DNA damage; yet, another study disproved the generation of *OH
in this system using an electron paramagnetic resonance (EPR) technique.'* Additionally,
cytotoxicity, genotoxicity, chromosomal aberrations, and DNA lesions which might lead to
carcinogenesis can occur from the reactions of ROS and Cr(V)/Cr(IV).2® Also worth mentioning
is that Cr(VI) can form complexes with biological thiols which has been determined by various
spectroscopic techniques.?’” The potential cellular mechanisms involving Cr intermediates is
illustrated in Fig. 1.3.

The mechanisms involving Cr-induced carcinogenicity depend on multiple factors
including cell type, DNA adduct and free radical formation, Cr(VI) concentration, and reactivity
of Cr-intermediates.”® Though Cr(V) and Cr(IV) might be grouped together as reactive Cr
intermediates, their function in toxicity differs. For example, both Cr(V) and Cr(IV) were shown
to induce DNA double-strand breaks, yet Cr(IV) had more mutation frequencies in the
hypoxanthine phosphoribosyltransferase (HPRT) gene compared to Cr(V).? More research is
needed not only to identify specific mechanisms of Cr-induced carcinogenicity, but also the role
of intermediates Cr(V) and Cr(IV). Selective detection of Cr(V) has been shown by EPR and UV-
visible measurements, electrospray mass spectrometry (ES-MS), and X-ray absorption
spectroscopy methods.?**%32 Additionally, kinetics data on the interaction of Cr(VI) with reducing

agents L-cysteine, glutathione, L-ascorbic acid, and Trolox using stopped-flow UV-visible



spectrophotometry have been obtained to gain insight into the information of Cr(V) and Cr(IV)
species.®’ Intermediates Cr(V) and Cr(IV) are often responsible for multiple roles in Cr-induced
toxicity.

To date, great progresses have been made on the Cr(V) and Cr(IV) species due to their
biological importance, but their roles in the environmental processes are largely overlooked.
Significantly, these reactive species of Cr (i.e., Cr(V) and Cr(IV)) are likely produced from the
interaction of Cr(VI) with natural organic ligands (or compounds) and the reaction of Cr(VI) with
reducing moieties of natural organic matter (NOM), as well as from the interaction of Cr(III) with
oxidants. The focus of this review is thus providing the basic properties and characterization of
Cr(V) and Cr(IV) to bring attention to researchers for the need to carry out more mechanistic
investigations to shed light on the species involved in the redox reactions of chromium in
environmental processes. The summary of information is presented in the next section, followed

by examples of studies on chromium of environmental importance.

1.2. Chromium(V) and chromium(IV) species

Cr(V) and Cr(IV) species are highly reactive intermediates. This may largely be attributed
to the higher standard redox potentials of Cr(V) and Cr(IV) species than Cr(V]) in acidic conditions
(Fig. 1.4).143* Cr(VI) is expected under oxidizing conditions, completely soluble across the pH
range, and highly mobile overall.*!*!'* The one-electron redox potential under acidic conditions
decrease in the order as Cr(IV) > Cr(V) > Cr(VI). The chemical properties of Cr(V) and Cr(IV)
are different from those of Cr(VI) and Cr(IlI). The redox potentials of Cr(V) and Cr(IV) are not

available in alkaline conditions. High-valent Cr species (i.e., Cr(VI), Cr(V), and Cr(IV)) are



powerful oxidants. Comparatively, Cr(II) is a good reductant (see the negative redox potential of
Cr(II)/Cr(0) in Fig. 1.4).1434

Both Cr(V) and Cr(IV) are typically short-lived, making them often challenging to
quantify. Both the Cr species could be stabilized by complexing agent 2-ethyl-2-hydroxobutanoato
(ehba) and UV-visible spectra were obtained (Fig. 1.5)."* All Cr species have characteristic spectra
to distinguish different high-valent Cr species. In the UV range, the Cr(V) complex has reasonable
molar absorptivity (¢ ~ 10° Mlem™). The Cr(IV) complex also absorbs over a wide wavelength
range with a maximum near 350 nm (g ~ 1.7x 10°> M'em™). Cr(IIl) forms a weak complex with
ehba (Fig. 1.5)."* The spectrum of Cr(VI) represents the maximum molar absorptivity of HCrO4
at a different wavelength.

The EPR technique is often applied in detecting Cr(V) species. The typical EPR spectra
of Cr(V) complex species for hydroxamate complexing agents are given in Fig. 1.6.>> The
hydroxamate groups are likely moieties in humic substances and interact with Cr(VI) to form
Cr(V)-hydroxamate species.>®>” The EPR spectra for the Cr(V) complexes have a center at giso =
1.98 with a strong narrow line.>® Another example is the reduction of Cr(VI) by catecholamines to
produce octahedral Cr(V) species which has been quantified by EPR yielding a signal at giso ~
1.972 (Aiso(3*Cr) > 23.9 x 10* cm™).3* Many other Cr(V) complexes with EPR signals obtained
include Cr(V)-ascorbate, Cr(V)-D-glucose, and Cr(V) with D-ribose 5-monophosphate.’
Interestingly, diol ligands might play an important role in stabilizing Cr(V) complexes which has
been noted by detection of Cr(V) EPR signals after 48 hours of reaction.*® The Cr(V)-glutathione
(GSH) complex ([Cr(V)O(LH2):]* (LHs = GSH) has been characterized and quantified by
electrospray mass spectrometry, X-ray absorption, EPR spectroscopy, and other analytical

techniques.’!



Since Cr(IV) complexes are less stable in aqueous solution than Cr(V) complexes and EPR
spectroscopy technique cannot be used for Cr(IV) complexes under ambient conditions, less is
known about Cr(IV) chemistry.*® Several studies have investigated Mn(II) as a selective trap for
Cr(IV), but that has been overall inconclusive in determining the role of Cr(IV) in DNA damage.®
In other conditions, the fast reaction between Cr(III) and "OH/SO>™ at acidic conditions revealed
a Cr(IV) spectrum between 250 and 420 nm with an increasing molar absorption coefficient from
4.3 to 48 Mlem’!, ultimately producing Cr(VI).!

The pulse radiolysis technique was applied to produce Cr(V) from Cr(VI). The reaction of

Cr(VI) with *CO; under nitrous oxide saturated solution generate Cr(V) (eq. 1).
Cr(VI) +*COz — Cr(V); k=103 M's! (1)

The reaction (1) was performed at different pH and the spectra of obtained Cr(V) and
Cr(IV) are presented in Fig. 1.7.3° In the pH range from 1.85 to 4.75, the spectrum of Cr(V) had
no variation.** The molar absorptivity of Cr(V) was lower in acidic pH range compared to that in
the alkaline pH range. The spectra of Cr(V) did not change significantly in the pH range from 8.0
to 13.7.3 The decay of Cr(V) in aqueous solution has been proposed based on the
disproportionation of Cr(V) as a function of pH and conductivity measurements, which could be

described by reactions (2) — (6).

HCr(VD)O4 ety + CO2* — HCr(V)Os* ety + CO2 (2)
HCr(V)Os (ten + H = HaCr(V)Os K3=6.0 x 10° (3)
H2Cr(V)Os + H = H3Cr(V)Osocr) Ki=5.6 x 10° 4)
HCr(V)04% ety + H3Cr(V)Os(0cty — HCr(VI)O4 (tety + H3Cr(V)Os (oct) (5)



HCr(V)04> ey = H" + CrOs> Ke=1.0 x 107 (6)

The constants of protonic equilibria of reactions (3), (4), and (6) suggest that both mono-

protonated and de-protonated species of Cr(V) co-exist at pH 7.0 (Fig. 1.8).%

It has been proposed that octahedral Cr(IV) complexes can slowly react with each other,
producing Cr(III) and Cr(V) octahedral coordination, as seen in eq. 7."* Subsequently, the fast
rearrangement of Cr(V) octahedral to tetrahedral complexes allows for a rapid reaction between
Cr(V) tetrahedral and Cr(IV) octahedral complexes which form Cr(VI) and Cr(II) as shown in the

following egs. 8 and 9.

Cr(IV)oet + Cr(IV)oet — Cr(I)oet + Cr(V)oct slow (7)
Cr(V)oct = Cr(V)tet fast (8)
Cr(V)tet + Cr(IV)Qct — Cr(VI)tet + Cr(III)Qct faSt (9)

1.3. Involvement of Cr(V)/Cr(IV) species in chromium redox reactions of environmental
importance
1.3.1. Reactions of Cr(lll)/Cr(VI) with hydrogen peroxide

The chemistry between Cr(Ill) and H>O> has been extensively studied and reactive
intermediates Cr(V) and Cr(IV) are capable of generating HO® from H»O, by means of Fenton
and Haber-Weiss-type reactions.*** The reactions 10-13 illustrate the production of HO® as well
as the oxidation of Cr(III).!* The reaction between Cr(I1I) and H>O gives Cr(IV) and HO® species

(reaction 10). The Cr(IV) species may react with H>O> to form Cr(V) and HO® species (reaction



11). The disproportionation of Cr(IV) may also produce Cr(V) species (reaction 12). The further

reaction of Cr(V) with H,O, may produce Cr(VI) and HO® (reaction 12).

Cr(IlI) + H,0, — Cr(IV) + HO® + OH™ (10)
Cr(IV) + H,0, — Cr(V) + HO® + OH™ (11)
2Cr(IV) - Cr(V) + Cr(1ID) (12)
Cr(V) + H,0, — Cr(VI) + HO® + OH™ (13)

Though Fenton reactions have shown oxidation of organic contaminants utilizing transition
metals, they are limiting in that the active metal species is consumed as a reagent and lost through
precipitation.'® This means that metal reagents need to be continuously added to activate H>O»,
resulting in the formation of metal sludge.*** In fact, hydrogen peroxide can function as an
oxidant of Cr(IIl) (E°(H202/H20) = 1.763V) and reductant of Cr(VI) (E°(O2/H202) = 0.695V),
creating a redox cycle that generates HO® repeatedly.'>** The oxidation of Cr(IIl) by H>O, can
occur at pH > 8.0 and reduction of Cr(VI) (eq. 14 *°) can occur under acidic conditions because
the reduction capability of H,O> increases with decreasing pH.*!?

2Cr03~ + 3H,0, + 10H* - 2Cr(III) + 30, + 8H,0 (14)

Full reduction of residual Cr(VI) was possible by 1.0 M HCl and 20 mM H,0,.%¢
Subsequently, the use of H>O, as an advanced oxidation process in chromium-contaminated
wastewater to produce HO® and reduce toxic Cr(VI) can be controlled by adjusting the pH of
solution. This redox chemistry brings forth evidence showing that utilization of Cr(V)/Cr(IV)

species may be feasible in the degradation of pollutants in wastewater.



1.3.2. Oxidation of Cr(Ill) during chlorination

Consequently, Cr(IIT) can generate Cr(VI) through treating chromium-contaminated water
using free chlorine. Characterizing the redox chemistry of chromium in water distribution and
treatment is vital for evaluating the potential of Cr(VI) exposure in drinking water. Chlorine used
in the disinfection process of drinking water has shown to react with dissolved organic matter and
inorganic compounds like bromide (Br’) forming halogenated disinfection byproducts (DBPs).*’
Not only can DBPs produced by chlorine be highly toxic, but chlorine in water treatment processes
has shown to oxidize Cr(IlI) to Cr(VI) as well.¥*? Oxidation of Cr(Ill) by HOCI is highly
problematic and trace levels of bromide in this system were shown to be a catalyst in Cr(VI)
formation.’** Interestingly, Cr(IIl) species such as Cr(OH); ) and Cr,0Os (s) each revealed
different reactivity in chlorine consumption based on their surface area and reactive sites.’! The
oxidation of Cr(III) by HOCI typically proceeds through reaction (15).>

2Cr(1II)(5) + 3HOCI + 5H,0 - 2Cr05~ + 13H* + 3Cl~ (15)

Corrosion of iron pipes in water distribution systems have shown to release chromium,
forming mixed phases of Cr(III) — Fe(III) hydroxide that can be oxidized by chlorine.>® This is of
concern to public health because roughly 70% of water distribution pipes in the U.S. are comprised
of iron materials and often have a lifespan of multiple decades, giving ample time for chromium
to accumulate to high concentrations.>® Interestingly, Cr(0) that exists in cast iron corrosion scales
was shown to be more reactive than Cr(IIl) with HOCI and the dominant factor of Cr(VI) release
in drinking water (reaction 16).%

Cr(0)(s) + 3HOCl + H,0 — CrO3~ + 5H* + 3CI~ (16)

Additionally, the oxidation of Br" by HOCI can produce hypobromous acid (HOBr) which

is approximately 6 times faster in oxidizing Cr(III) than HOCL.>! This indicates that even trace

10



levels of Br™ should be addressed with caution in solutions where Cr(III) and HOCI are present.
The Cr(OH); s) oxidation rate constants at pH 7.0 and 7.5 are 1.2 x 102 and 1.5 x 10 (M™! min")
for HOBF in reactions (reaction 17) and 2.0 x 10* and 2.2 x 10* (M™! min™") for HOCI in reaction
18.51

2Cr(OH)ss) + 3HOBr — 2Cr0? + 3Br~ + 7H* + H,0 (17)

2Cr(OH)s3() + 3HOCI - 2Cr02™ + 3C1™ + 7H* + H,0 (18)

1.3.3. Oxidation of Cr(Ill) by solid manganese dioxide

Naturally occurring Cr(III) can be oxidized and lead to Cr(VI) groundwater contamination
which has previously caused drinking water concerns.® Oxidizing agents of Cr(III) that occur
naturally in varying groundwater conditions consist of solid manganese dioxide MnOx (Fig. 1.9).%*
The primary oxidizing agent of Cr(Ill) in alkaline and aerobic conditions are MnOx from birnessite
mineral; this is due to their large surface areas, degree of crystallinity, strong electronegativity,
and ability to regenerate MnOx by oxidation of Mn(II) from microorganisms and/or dissolved
oxygen.®**>% Oxidation of Mn(II) yielding Mn(III)/(IV) oxides at alkaline and oxic conditions was
shown to accelerate Cr(VI) production; this was the dominant pathway of Cr(III) oxidation in long-
term analysis (1 year) compared to oxidation by MnO> or O (Fig. 1.9).>*” The accumulation of
MnOy in groundwater tables and subsequent oxidation of Cr(III) to Cr(VI) has occurred across the
globe, creating drinking water health risks, especially in systems without adequate Cr treatment.’®

%0 The following reaction (19) indicates the oxidation of Cr(III) by MnOx species:!

2Cr(OH)5 + 3MnO, = 3Mn?* + 2Cr0%™ + 2H,0 + 20H" (19)
4

11



1.3.4. Reduction of Cr(VI) by natural reducing agents

As for the natural reduction of Cr(VI), reducing agents such as organic matter, Fe(Il), and
sulfides can reduce Cr(VI) to Cr(Ill) (Fig. 1.9).3°46%% Not only is Fe(II) an environmentally-
friendly reducing agent, but its application on adsorbed surfaces has shown promising removal of
Cr(VI) through consecutive one-electron reduction processes (Cr(VI) + Fe(Il) — Cr(V); Cr(V) +
Fe(Il) — Cr(IV); Cr(IV) + Fe(Il) — Cr(I1I)).%*%¢ Surface adsorbed Fe(Il) is regarded as having
higher reducing capabilities than Fe(II) in water, which has been demonstrated in Fe(II)-treated
graphene oxide adsorption and reduction of Cr(VI).®” Clay minerals containing Fe(I)/(III) are
capable of reducing Cr(VI), with Fe-poor montmorillonite and Fe-rich nontronite clay minerals
having second-order rate constants at pH 7.3 of 1.28 M'min™ and 449 M'min™, respectively.®®
Additionally, some organic ligands can enhance Cr(VI) reduction by Fe(Il) from the formation of
Fe(11)/(1lT)-ligand and Cr(V)-ligand complexes.®® Another example is the reduction of Cr(VI) by
biological Fe(II)-complexes (e.g. hemeproteins) may result in Cr(V) complexes.”

Another effective method in Cr(VI) reduction utilizing Fe(II) has been shown by Fe(II)-
doped TiO» photocatalysts; in 3.0 h of sunlight irradiation, almost 100 % of 102.3 mg/L. Cr(VI)
from plating wastewater was removed.”! Methods without Fe(II) adsorbed on surfaces, like the
Fe(IT)/H20, Fenton reaction, has also shown potential to reduce Cr(VI). More recently,
incorporating the catalyst WS> was shown to enhance the oxidation of phenol and reduction of
Cr(VI), achieving 90.9 % reduction of 40 mg/L Cr(VI) at pH 3.8.7> These studies that explored
incorporating the natural reductant Fe(Il) in Cr(VI) reduction yield promising data for its
application in Cr-contaminated wastewater. The mechanistic studies involving Cr(V)/Cr(IV) in

these systems are lacking.
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The reduction of Cr(VI) to Cr(IIl) can also occur by microorganisms in both aerobic and
anaerobic environments.”> Microorganisms can directly reduce Cr(VI) by intracellular reduction
and indirectly reduce Cr(VI) by producing natural reductants.”® Reductants of Cr(VI) like S(II)
and Fe(Il) can be produced by bacteria while oxalic acid can be produced by fungi.®’* Natural
reduction of Cr(VI) has been shown by some fungal species through enzymatic reduction and
sorption to mycelia.®>’* The Cr-resistant fungus Paecilomyces lilacinus was shown to reduce 1.24
mg/L of Cr(VI) from tannery effluent to below detection level in 18 hours at both acidic and basic
conditions.” Additionally, the Cr-tolerant fungus Penicillium oxalicum SL2 was shown to reduce
40.6 and 96.1 mg/L of Cr(VI) in 48 and 96 hours, respectively, from electroplating wastewater; a
remarkable 89.6 % of 217.1 mg/L Cr(VI) was also reduced from electroplating wastewater in 96
hours.”® Reduction of Cr(VI) by Penicillium oxalicum SL2 was attributed indirectly by oxalic acid
production and directly by biomass uptake through amine, carboxyl, and phosphate functional
groups.”* Interestingly, Mn*>* has shown to promote Cr(VI) reduction by oxalic acid, posing
another mechanism for natural Cr(VI) reduction and application to wastewater remediation.”’

Remediation of chromium-contaminated systems by bacteria has shown to be largely
influenced by the bacterial cell surface; gram-negative bacteria are more efficient at reducing
Cr(VI) than gram-positive bacteria because their outer membranes contain lipopolysaccharides,
lipoproteins, and phospholipids.”® Furthermore, multiple other microorganisms have shown
promising reduction of Cr(VI) making bioremediation of Cr-contaminated environments a viable
treatment technology, partly because it can be highly selective to toxic metals.”” The reduction of
Cr(VI) would most likely occur through intermediates, Cr(V) and Cr(IV), which warrants in-depth

investigations.
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1.3.5. Interaction of Cr(VI) with natural organic matter

Natural organic matter (NOM) contains different components like polysaccharides,
proteins, polyphenols, and humic substances (HSs). HSs are produced from microbial and abiotic
degradation of different plants and animal wastes. HSs are generally found in river, surface water,
soil, groundwater, and sediments. The typical levels of HSs are in the ranges of sub mg/L to
mg/L.3*** NOM contains many organic compounds with different functional groups such as thiols,
carbohydrates, carbonyls, and carboxylic acid.®>"’ Researchers have sub-classified HSs into fulvic
acids (FA), humic acids (HA), and humin. FA are considered soluble components over a broad pH
range and have low molecular weight constituents. Comparatively, HA are insoluble at low pH
and encompass high molecular weight constituents that are usually insoluble at low pH.”® The
insoluble portion at any pH of water is the humin of HS. The procedures to isolate FA, HA, and
humin from the sample of HSs have been explained by the International Humic Substance Society.
(https://humic-substances.org/isolation-of-ihss-samples/)

Many studies have been carried out on the interactions of Cr(VI) with NOM.”'¥? In an
earlier work, it was shown that the reduction rate of Cr(VI) with soil FA decreased with the
increase in pH.”>* The empirical rates from the experimental data indicated that different
functional groups of FA reduced Cr(VI). Another study using EPR measurements showed the
formation of Cr(V) from the reduction of Cr(VI) by FA (see Fig. 1.10).>> Model compounds of FA
like 1,2-dihydroxybenzene also reduced Cr(VI) to Cr(V) species. Reduction of Cr(VI) is highly
dependent on the ionic strength, co-existing ions, and source of NOM.’?® Investigations of
carboxylic acids (e.g., e.g., formic acid, malic, and malonic), model compounds of HA have been
examined for their capacity to reduce Cr(VI). Formation of reactive Cr(V) and Cr(IV) complexes

in the Cr(VI)-carboxylic acid interaction have been explored.”’ Literature has clearly suggested
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the formation of Cr(V) and Cr(IV) complex species with functional groups of NOM like
carbohydrates, carboxylates, hydroxamate, peptides, and proteins. Importantly, the formation of
the reactive Cr(V) and Cr(IV) in the Cr(VI)-NOM system may react with co-organic contaminants

present in the aquatic environment to cause their degradation.

1.4 Objectives
In recent years, peroxyacetic acid (CH3C(O)OOH, PAA) has been proposed as an oxidant
to remediate organic pollutants in water. Studies are forthcoming on the use of iron(Il) and
cobalt(III) to activate PAA to enhance the oxidation of organic pollutants in water. In this thesis,
the interaction of Cr(III) with PAA was explored with the following aims:
(1) Study the kinetics of the interaction between PAA and Cr(Ill) under different
environmental pH.
(i1) Investigate the effect of the interaction of PAA with Cr(III) on the coexisting organic
pollutants in water.
(iii)  Determine if different organic pollutants interact differently in the PAA-Cr(III) system.
(iv)  Learn the formation of different reactive species such as reactive oxygen species and
high-valent intermediates, Cr(IV) and Cr(V), and Cr(VI) in the PAA-Cr(III) system

with and without organic pollutants in water.
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lightest shades indicating oxidation states +6 to 0, respectively; redrawn from !
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Fig. 1.2. Fraction of Cr(III) species as a function of pH with solution in equilibrium with Cr(OH)3
(s); redrawn from '2,
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Fig. 1.3. Brief overview of chromium cellular entry and subsequent intercellular reduction of
Cr(VI) which illustrates the role of intermediate Cr(IV) and Cr(V) in causing DNA damage.
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Fig. 1.5. The UV-visible spectra of Cr — ehba buffer complex (ehba = 2-ethyl-2-hydroxobutanoato)
at pH 3.5 showing varying Cr oxidation states; the Cr(V) complex was [CrO(ehba);]” and Cr(IV)
complex was [CrO(ehbaH),]°. (Adapted from '* with permission from John Wiley & Sons, Inc.
Copyright 2013).
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Fig. 1.6. Electron Paramagnetic Response (EPR) spectra (X-band) of solutions obtained from
reaction between 10 mM Cr(VI) and 0.10 M hydroxamic acids (acetohydroxamic acid (AHA),
benzohydroxamic acid (BHA), salicylhydroxamic acid (SaHA), and suberohydroxamic acid
(SuHA)) in N,N-dimethylformamide (DMF) for 3.5 hours at 22 °C: (a) first derivative spectra with
modulation amplitude at 1.0 G and asterisks indicating satellite signals from **Cr hyperfine
coupling; (b) second derivative spectra showing only central signals with modulation amplitude at
0.40 G; and (¢) second derivative spectra with modulation amplitude at 1.0 G of satellite signals
of Cr(V)-BHA complex. (Adapted from *°> with permission from Copyright 2005 American
Chemical Society).
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Fig. 1.7. The UV-visible spectra of Cr(V) over varying pH obtained by pulse radiolysis from the
reaction of Cr(VI) and formate in a N>O saturated solution; the insert illustrates little variance in
Cr(V) spectra in acidic conditions from pH 1.75 to 4.75. (Adapted from '* with permission from

John Wiley & Sons, Inc. Copyright 2013).
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with permission from John Wiley & Sons, Inc. Copyright 2013).
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Fig. 1.10. Electron paramagnetic resonance (EPR) spectra of Cr(V) produced from aqueous
reaction of equal volumes of 0.14 % (w/v) fulvic-L and 0.020 M K>Cr(VI)O4 at pH 4.2; EPR
conditions were microwave power at 126 mW, receiver gain at 3.20 x 10°, and modulation
amplitude at 1.6 G. (Adapted from > with the permission of Elsevier Inc. Copyright 1998).
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CHAPTER 2

Interaction of peroxyacetic acid with chromium(III):

Understanding degradation of coexisting organic pollutants in water

2.1. Introduction

Studies on peroxyacetic acid (CH3C(O)OOH, PAA) are continued to increase due to its
potential as disinfectant and oxidant in treating water. PAA is an alternative to chlorination
disinfection because of its promising sterilization ability, feasible implementation, and decrease
formation of toxic chlorinated disinfection by-products (DBPs).! PAA has demonstrated
inactivation of virus, bacteria, and spores and has been applied as disinfectant in health care
facilities and pulp and paper and food industries.>* PAA has also emerged an effective oxidant
(Ex’ =1.0-1.96 V versus SHE) in advanced oxidation processes (AOPs).! PAA has potential to
oxidize a wide range of organics in water, however, it is not able to degrade recalcitrant
pollutants due to high selectivity.! Research is forthcoming on the application of the combination
of PAA with low-valent and high-valent transition metal ions to enhance the degradation of
pollutants in water. Examples of added metal ion include Fe(II), Co(IIl), Ru(IlI), and Fe(VI1).>8
The results of these studies made us to think how the effectiveness of PAA as an oxidant would
be in degrading organic pollutants in presence of already existed metal ions in water. The present
study thus examines if the interaction of PAA with chromium(III) (Cr(Ill)) in water has any role
in oxidizing coexisting organic pollutants in water.

Sources of Cr are primarily from waste of industrial activities such as coal-fired power

production, chrome pigment production, wood preservation, stainless steel and cement
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production, galvanization, electroplating, and leather tanning.”'® Additional input of Cr in
wastewater might also be from dietary supplements of Cr(IIT)."":!> The concentration of Cr in
industrial wastewater can be up to 3.86 mM.'® The toxicity of Cr is highly dependent on its
oxidation state; Cr(VI)) is a known carcinogen and Cr(IlI)) is significantly less toxic.'
Reduction of Cr(VI) to the Cr(IIl) has been well-studied for remediating Cr-contaminated
systems.!>"'7 Despite this, trace levels of Cr(III) in wastewater must still be carefully dealt with,
as oxidation to Cr(VI) has been shown by chlorine, hydrogen peroxide (H20.), and ozone which
may produce reactive, intermediate complexes of Cr(IV) and/or Cr(V).!32! Significantly, the
intermediate Cr species are reactive with organic compounds and may mitigate the remediation
of coexisting organic pollutants present in water.!*?>?* This promoted us to explore if PAA
could result in such intermediate Cr species and subsequently degrade pharmaceuticals in water.
A major fraction of pharmaceuticals in conventional wastewater treatment have
incomplete removals and enter water resources, leading to environmental and human health
concern.?*?> Antibiotics are the among the most prevalent pharmaceuticals found in the
environment because of their wide application in human and veterinary medicine along with
agriculture purposes.?®?’ Detection of antibiotics in wastewater effluent has ranged from trace
levels up to pg/L.>>2® The primary threats of antibiotics in the environment stems from the
potential of altered ecosystems and antibiotic-resistant genes (ARGs) and bacteria (ARB).>>-7-*
Health concern surrounding ARGs and ARB arises from a decrease of therapeutic potential
against human and animal pathogens.?” Out of many antibiotics, trimethoprim (5-(3, 4, 5-
trimethoxybenzyl)pyrimidine-2,4-diamine, TMP), is frequently detected in wastewater
effluent.”>?%3° TMP is often given in pair with sulfonamides to treat various infections.’'% A

substantial portion of TMP that is excreted in urine keeps its antibiotic properties; about 10% -
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30% of TMP is metabolized to an inactive form.*? Its antibiotic properties are attributed to the
2,4-diaminopyrimidine (DAP) moiety.?® The focus of this study is therefore, mainly on
investigating the degradation of TMP during the interaction of PAA with Cr(III).

The objectives of the paper are: (i) study the degradation of TMP under different
experimental conditions (concentrations of PAA and Cr(III) and pH), (ii) learn degradation of
other pharmaceuticals (enrofloxacin (ENR), sulfamethoxazole (SMX), carbamazepine (CBZ),
and ibuprofen (IBU), (iii) explore reactive species causing the degradation of TMP in the PAA-

Cr(IIT) system, and (iv) identify the oxidized products (OPs) of TMP.

2.2. Experimental Methods
2.2.1. Chemicals and reagents

Trimethoprim (TMP, > 98.0%), sulfamethoxazole (SMX, > 98.0%), and enrofloxacin
(ENR, > 98.0%) were purchased from Tokyo Chemical Industry (Portland, USA). Sodium
chromate tetrahydrate (Cr(VI), 99%), peracetic acid solution (PAA, 32 wt. % in dilute acetic
acid), methanol (HPLC grade, > 99.9%), carbamazepine (CBZ) was purchased from Sigma-
Aldrich (St. Louis, USA). Sodium phosphate dibasic anhydrous, sodium thiosulfate, acetic acid
(glacial), o-phosphoric acid (85%) and L-ascorbic acid (Asc, assay 99.8%) were purchased from
Fisher-Scientific (Fair Lawn, USA). Hydrogen peroxide solution 50% was purchased from
HACH Company World Headquarters (Loveland, USA). Methyl phenyl sulfoxide (PMSO,
98+%) was purchased from Acros Organics (New Jersey, USA) and methyl phenyl sulfone
(PMSO,, 98+%) was purchased from Alfa Aesar (Ward Hill, USA). Distilled water used in
solutions were obtained from > 18.2 MQ-cm Milli-Q Millipore Direct 8 water purification

system (Millipore Sigma, Burlington, USA).
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2.2.2. Removal experiments

Initial experiment concentrations of PAA, H>O», acetic acid (AcA), Cr(III), and
pollutants were 1.315 mM, 520.5 uM, 2.055 mM, 13.15 — 1315 uM, and 5.0 uM, respectively.
The experimental ratios for [PAA]/[Cr(IIl)] ranged from 100 to 1 for pollutant degradation
experiments at 1.0 and 2.0 hours. Initial concentrations for analyzing TMP degradation in the
PAA/Cr(VI) system were [PAA] = 100.0 uM, [Cr(VI)] =5.0 — 1000.0 uM, and 5.0 uM TMP.
10.0 mM Na,HPO4 was used as the buffer for all solutions and adjusted to desired pH. The pH
was measured by an Accumet AE150 pH meter (Westford, USA). Additionally, a 13 mm syringe
filter (with 0.2 um PTFE membrane) was used for filtering solutions with noticeable insoluble Cr
into HPLC vials. 10.0 pL of 13.0 mM NaxS;0; was added to all HPLC vials to quench the

reaction at desired times. The pollutant concentration was then analyzed by HPLC.

The reduction of Cr(VI) by ascorbic acid (Asc) was designed to identify if Cr-
intermediate species may be responsible for TMP degradation. Initial experiment concentrations
of Cr(VI), Asc, and TMP were 25.0 — 500.0 uM, 500.0 uM, and 5.0 uM respectively. 10.0 mM
Na,HPO4 was adjusted to pH 7.0 and used for buffering all solutions. When Asc was used in
place of PAA, the NaHPO4 buffer was purged with N> for up to 15 minutes to analyze potential
interference of Asc autoxidation with the reduction of Cr(VI); this was analyzed by UV-visible
absorbance. Before sample collection for TMP degradation, 10.0 puL of 13.0 mM Na;S>03 was
added to all HPLC vials to quench the reaction at desired time. Samples were taken at 1.0 hour

and TMP concentration was analyzed by HPLC.
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2.2.3. Quenching experiments

Radical quenchers were used to probe for reactive species present in experiments
mentioned. Benzoic acid (BA) was used to quench *OH and was prepared at an initial
concentration of 13.15 mM which was 2,360 times higher than pollutant concentration. 2,4-
hexadiene was used to quench *OH and PAA radicals and was an initial concentration of 5.0 mM
which is 1000 times the concentration of TMP. Fresh preparation of BA and 2,4-HD were made
separately in 10.0 mM Na,HPO4 buffered at pH 8.0. Conditions for both BA or 2,4-HD
quenching experiments included 1.315 mM PAA, 13.15 — 1315 uM Cr(III), and 5.0 uM TMP.
Additionally, methyl phenyl sulfoxide (PMSO) can be oxidized to methyl phenyl sulfone
(PMSO) selectively by high-valent metal intermediate species like Cr(V).?2 PMSO initial
concentration was 200.0 pM, with 263.0 uM Cr(II), and 1.315 mM PAA, and samples were

collected every 30 minutes for 2.0 hours.
2.2.4 Analytical methods
2.2.4.1 High Performance Liquid Chromatography

The concentrations of pollutants in samples from the experiments mentioned were
measured with a Thermo Scientific UltiMate 3000 UHPLC+ with a Restek Ultra C18 S5pum (250
x 4.5 mm) column. Column temperature was maintained at 30°C for all experiments. Instrument
methods for pollutants were as follows in binary mobile phase of Solvent A (water with 5%
H3PO4) and Solvent B (methanol): TMP — 75% A and 25% B at flow rate of 1 mL min™ and 271
nm; IBP —21% A and 79% B at flow rate of 0.8 mL min™' and 223 nm; ENR — 68% A and 32%
B at flow rate of 0.8 mL min™' and 271 nm; SMX — 60% A and 40% B at flow rate of 0.8 mL

min™' and 290 nm; CBZ — 40% A and 60% B at a flow rate of 0.8 mL min™' and 284 nm; PMSO
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and PMSO; — 81% A and 19% B at flow rate of 1.0 mL min™! and 230 nm (PMSO) and 215 nm

(PMSO»).
2.2.4.2 UV-Visible Absorbance

Absorbance analysis using a Thermo Scientific BioMater 3S UV-Visible
Spectrophotometer was used to monitor the change in absorbance of Cr(IIl) and Cr(VI) and Asc.
Measurements were taken for Cr(III) and Cr(VI) at desired times from 0.0 to 2.0 hours at
different conditions; these conditions depended on concentration of Cr and PAA as well as pH.
In the UV-Visible experiment of Cr(VI) and Asc, measurements were taken within 1.0 h for
500.0 uM of both Cr(VI) and Asc at pH 7.0 to compare the effect of purging N> (o) into the 10.0

mM phosphate buffer.
2.2.4.3 Electron paramagnetic resonance (EPR) spectroscopy

A Bruker Elexsys-1I E500 spectrometer equipped with a standard resonator and a
CoolEdge cryo system (Billerica, USA) was used to probe the signal of *OH. The operating
parameters of EPR were: 9.4 GHz frequency (X-band), 20.0 mW microwave power, 9.8 GHz
microwave frequency, 1.00 G modulation amplitude, 100 kHz modulation frequency, 120.0 G
sweep width, 3340.0 G center field, 30.0 s sweep time, 20 scan times, and 25.0 dB attenuation.
The concentration of 5,5-dimethyl-1-pyrroline N-oxide (DMPO, purchased from Sigma-Aldrich
(St. Louis, USA)) as the spin trapper for *OH was 50.0 mM. The reaction solutions were injected
into a 2 mm quartz EPR tube using a syringe needle, placed into a 4 mm quartz EPR tube, and

then measured by EPR immediately.
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2.3. Results and Discussion
2.3.1. Degradation of pollutants by PAA-Cr(Ill) system

Initially, experiments were conducted on the degradation of TMP by PAA-Cr(Ill) at pH
6.0 by varying the concentrations of Cr(IIT) (13.15 — 1315 uM) while keeping PAA
concentration constant at 1315 pM. Similar experiments were also performed using only H>O»

and acetate because these are inherently present in the solution of PAA (i.e., CH;C(O)OH +

H>0,=CH3C(O)OOH + H>0). As shown in Fig. 2.1 and Fig. 2.2, no significant degradation was

noticeable under different conditions. This suggests that no reactive species in PAA-Cr(III)
solution existed at pH 6.0 to result in oxidation of TMP.

Next, the pH of the mixed solution of TMP-Cr(IIT)-PAA was raised to pH 8.0 at a molar
ratio of 5:1 ([PAA]:[Cr(IIT)]) and the degradation of TMP was followed as a function of time
(Fig. 2.3). PAA alone was able to react slowly and up to 20% degradation was seen in 5.0 h (Fig.
2.3a). Significantly, Cr(III)-PAA could degrade TMP to almost 90% in 5.0 h (Fig. 2.3b). This
indicates that the increase in pH to alkaline medium had sufficient reactive species to oxidize
TMP. When pH of the reactant solution was increased to pH 9.0 and 10.0, slight increase (i.e., up
~5%) in the oxidation of TMP by PAA and Cr(IIT)-PAA was observed (Fig. 2.3). TMP has an
equilibrium with two acid dissociation constants (H,TMP*" & H+ + HTMP", pKa1 = 3.2;** and
HTMP' 2 H" + TMP, pKa2 = 7.2*). In the pH range of 8.0 — 10.0, TMP was mostly in the
neutrally charged species (i.e., 84.2 — 99.9%). PAA has acid-base equilibrium (CH3C(O)OOH =
H" +CH3C(0)O0™; pKa = 8.2) and fractions of the possible oxidant species of PAA (i.e.,
a(CH3C(0)OOH) and a(CH3C(0)00")), vary with pH.! For example, o(CH;C(O)OOH) and
a(CH3C(O)O0") at pH 8.0 are 63.1% and 36.9%, respectively, which changed to 1.6% and

98.4%, respectively, at pH 10.0. It appears that a little decrease in levels of TMP by PAA with
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almost no pH dependence may be carried out by the reactions of TMP with both oxidant species
of PAA (Fig. 2.3a).

The results of the increase in oxidation of TMP for PAA-Cr(III) with an increase in pH
from 6.0 to 8.0 may be described by considering increasing reactivity of Cr(IIl) with PAA to
yield oxidative species that reacted with TMP. Chromium(III) exists in different hydroxo species
in the acidic to basic pH range. Generally, four hydroxo species, CrOH**, Cr(OH),", Cr(OH);°,

and Cr(OH)4" are present, based on the equilibrium constants (reactions 1-5).%

Cr(OH)s(s) + 3H =Cr** + 3H,0 Ki=<9.35 (1)
Cr(OH)s(s) + 2H'= CrOH?" + 2H,0 K»=5.78 )
Cr(OH)s(s) + H' = Cr(OH)," + H,O K3<-0.49 3)
Cr(OH)s(s) = Cr(OH)3° K4<-6.84 (4)
Cr(OH)s(s) + H,O =Cr(OH)s +H* K4<-18.30 (5)

A plot of fraction of Cr(III) species with pH (Fig. 2.4) suggests that the fractions of
CrOH?**, Cr(OH),", and Cr(OH);° are 60%, 30% and 10% at pH 6.0. However, at pH 8.0,
Cr(OH)3’ is the dominating species ( i.e., > 90%) and not much change in this fraction happens
when the pH was changed from 8.0 to 9.0 and 10.0 (see Fig. 2.4). It seems that of the several
Cr(I1I) species, Cr(OH)3" could react with PAA to produce oxidative species that reacted with
TMP. The rates of this reaction would not change with pH because concentration of Cr(OH);° is
not varied in the pH range of 8.0 — 10.0. Therefore, degradation of TMP by PAA-Cr(IIl) in the
pH range of 8.0 — 10.0 did not influence much by the pH (see Fig. 2.3b).

In next set of experiments, a role of H2O» present in PAA was investigated. In this study,

the concentration of Cr(III) was varied at pH 8.0 and degradation of TMP was monitored at 2.0
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h; the results are shown in Fig. 2.5. The H2O; -Cr(III) system could also degrade TMP, and the
maximum degradation was ~40% at a molar ratio of 2:1 ([H20.]:[Cr(IIT)]). Comparatively, PAA-
Cr(I1T) had the maximum degradation was ~60% at a molar ratio of 5:1 ([PAA]:Cr(II)). It
should be pointed out that in the mixed solution of PAA and Cr(III) at a molar ratio of 5:1, the
molar ratio of H2O> to Cr(IIl) was 2:1. The results suggest that the PAA-Cr(IlI) had additional
oxidant species compared to oxidant(s) in HO,-Cr(III) to have higher degradation of TMP (Fig.
2.5). The results further showed that the optimum degradation of TMP at pH 8.0 was at a molar
ratio of 5:1 ([PAA]:[Cr(IIT)]). Interestingly, this was the condition applied in our earlier
experiments (see Fig. 2.3).

The Cr(IIT)-PAA system at pH 8.0 was further explored to determine if other co-
pollutants could be degraded having different molecular structures (Table 2.1). Removal of other
contaminants under the same conditions as Fig. 2.3 revealed an enhanced degradation compared
to PAA alone (Fig. 2.6). However, the magnitude of increased oxidation depended on the
moieties present in each of the pollutants. Sulfonamide containing pollutants, SMX and TMP,
had the highest increase in degradation. ENR reacted with both PAA and PAA-Cr(III).
Significantly, CBZ and IBU had no reactivity with PAA; however, a slight increase in

degradation was observed (Fig. 2.6) by adding Cr(III) (i.e., PAA-Cr(III)).

2.3.2. Reactive species study

When PAA interacts with Cr(IIl), a series of reactions may take place that generate
different oxidative species, Cr(IV), Cr(V), Cr(VI), CH3C(O)O®, and *OH, (reactions 6-10). The
produced species then possibly react with pollutants like TMP to degrade it.

CH;C(O)OOH + Cr(Ill) — CH3C(0)O* + Cr(IV) + OH" (6)

CH3C(0)OOH + Cr(IlT) — CH3;C(0)O" + Cr(IV) + *OH (7)
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H,0, + Cr(Ill) — Cr(IV) + OH" + *OH (8)

CH3C(O)OOH + Cr(IV) — CH3C(0)O* + Cr(V) + OH" 9)

CH3C(O)OOH + Cr(IV) — CH3C(0O)O + Cr(V) + *OH (10)
H>0; + Cr(IV) — Cr(V) + OH + *OH (12)
CH3C(O)OOH + Cr(V) — CH3C(0)O*® + Cr(VI) + OH (13)
TMP + CH3C(0)O®*/*OH/Cr(IV)/Cr(V)/Cr(VI) — Oxidized products (OPs) (14)

Studies were performed to determine which of the oxidative species involved caused the
degradation of TMP at pH 8.0. Initially, the formation of Cr(VI) in the mixed PAA and Cr(III)
was investigated. The mixed solution had a representative spectra of Cr(VI) (Fig. 2.7),
suggesting the formation of Cr(VI) in the reaction of Cr(III) with PAA through the sequence of
reactions (reactions 6-14). The reaction of PAA with Cr(III) must be going through the formation
of Cr(IV)/Cr(V) prior to the generation of Cr(VI). The formed Cr(VI) may react with TMP to
oxidize it. Experiments were then conducted independently by mixing the solutions of Cr(VI)
and TMP at pH 8.0. No apparent decrease in absorbance of Cr(VI) was observed (Fig. 2.8).
Furthermore, no significant decrease in the TMP by Cr(VI) mixed solution was observed (Fig.
2.9). Results suggest that Cr(VI) did not oxidize TMP at pH 8.0. Overall, Cr(VI) that was formed
in the reaction of Cr(IIl) with PAA had no role in degrading TMP by PAA-Cr(III) at pH 8.0 (see
Fig. 2.3).

Next, we investigated the possibility of Cr(V)/Cr(IV) to oxidize TMP. In this set of
experiments, we used the known chemistry of Cr(VI) with ascorbic acid (Asc) that generates
Cr(V) from the reaction of Cr(VI) + Asc — Cr(V) + Asc®.> Initially, measurements were made
to learn if dissolved oxygen in the Cr(VI)-Asc system had a significant impact on the

autoxidation of Asc and subsequently the reduction of Cr(VI); this was done by purging N2 (g)
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into the system for up to 15 minutes. The results (Fig. 2.10) indicated almost no change in
absorbance at 265 nm (i.e., Asc) and 372 nm (i.e, Cr(VI)) from N3 (o) purge (noted as “No O2”)
over 1.0 hour. This suggests that Cr acts as a catalyst, outcompeting the autoxidation of Asc by
dissolved oxygen; thus, dissolved oxygen does not interfere with our reaction of Cr(VI) with
ascorbic acid.*® Next, TMP was mixed with a solution of Cr(VI) and ascorbic acid and the
concentration of TMP was monitored with time (Fig. 2.11). The decrease in TMP concentration
was observed; suggesting that formed Cr(V) could react with TMP. It is possible that Cr(V)
could also react with ascorbic acid to yield Cr(IV), which may also be reacting with TMP. The
generated Asc® has usually no reactivity with organic compounds, therefore, both Cr(V)/Cr(IV)
may be oxidizing TMP.* Results of this study indicate that Cr(V)/Cr(IV) species have a role in
oxidizing TMP by PAA-Cr(III).

The involved CH3C(O)O®/CH3C(0O)O0* and *OH species in PAA-Cr(I1I) were
investigated at pH 8.0. The 2,4-HD as a probe molecule of these species was utilized in a
concentration of 5.0 mM which was 1000 times the concentration of TMP. The C=C double
bond in 2,4-HD allows for quenching of acetyl(per)oxyl radicals (i.e., CH3C(O)O® and
CH;3C(0)00°*).® Notably, a rate constant of 9.2 x 108 M-s™! was observed between
CH3C(0)OO0°* and a C=C containing compound (B-carotene) in benzene.*’ Additionally, the rate
constant observed for 2,4-HD and *OH has been reported to be £ =9.16 x 10° M !-s1.4! The use
of 2,4,-HD in the mixed solution of TMP-PAA-Cr(III) decreased the degradation of TMP
compared to no 2,4-HD (Fig. 2.12); indicating that both CH3C(O)O®*/CH3C(O)O0* and *OH
species may be causing the degradation of TMP. To distinguish between PAA radicals and *OH,
benzoic acid (BA) was applied to the solution of TMP-PAA-Cr(I1I). BA has much higher

reactivity with *OH (k = 4.66 x 10° M™!:s!) than that with CH3C(0)O0*® (kpaa- =~ 4.18 X 10* s
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1).642 As shown in Fig. 2.12, miniscule difference in the degradation of TMP by the two systems
falls within experimental error (i.e., either the addition of 2,4-HD or BA). Results of Fig. 2.12
suggest that between the two species, *OH was the degrading the responsible oxidant to degrade
TMP.

Additionally, the formation of *OH was further confirmed by EPR in conditions
coinciding with our observation of highest TMP degradation. Noted in Fig. 2.13, no signal was
observed for Cr(IIl), H2O,, and PAA solutions alone. In contrast, clear signal of the 1:2:2:1
peaks was observed for in both the H>O,-Cr(IIl) and PAA-Cr(III) systems, which indicated the
formation of DMPO-*OH adduct. Significantly, the signal intensity of DMPO-*OH was
markedly stronger in PAA-Cr(III) than in H>O,-Cr(I1I). This directly relates to Fig. 2.5,
indicating that an increase in TMP degradation by PAA-Cr(I1I) compared to that of H>O>-Cr(III)
is significantly due to the presence of *OH.

Lastly, an effort to directly detect Cr-intermediates for the remaining degradation of TMP
not attributed to *OH was carried out. Oxidation of methyl phenyl sulfoxide (PMSO) to methyl
phenyl sulfone (PMSO.) has been used previously to selectively determine the presence of high-
valent metal ion intermediate species such as Fe(V), Ru(V), Co(IV), and Cr(V).%?2444 The
results in Fig. 2.14 indicate that PAA can oxidize PMSO over 2.0 hours and appear to have no
difference in PMSO oxidation compared to that by PAA-Cr(Ill). However, from previous
experiments, PAA is being consumed in electron transfer steps as Cr(Ill) becomes oxidized to
Cr(VI). Therefore, we would expect that oxidation of PMSO by PAA-Cr(III) to be less than that
of PAA alone since PAA would be consumed by Cr(III). We postulate that the role of Cr(V) in

the PAA-Cr(IIl) system likely aids in oxidation of PMSO, making it comparable to PAA alone.
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2.4. List of Table

Table 2.1. Chemical properties of pharmaceuticals used in degradation experiments.

Water Molecular

pI(a oqs
Compound Function ;;)g solubility weight  Molecular structure
(25°C) fow (mg L »
at25°c) @mol’)
o o
Enrofloxacin 6.19, FWOH
Antibiotic 0.39 146.0 359.39 N N
(ENR) 7.75 HsC._N._ A
o
Trimethoprim 3.2, O A N NH
Antibiotic 091 400.0 290.32 !
(TMP) 7.2 07 T T
NH,
o
Sulfamethoxazole 1.6, 610.0 iH
Antibiotic 0.89 25328 Y&
(SMX) 5.7 (at 37°C) HC™ N 0" ~CHs
Carbamazepine O O
Anticonvulsant 13,9 2.45  18.0  236.27 N
(CB2) O)\NHQ
CHs
Ibuprofen Anti- OH
: 491 397 21.0  206.28 CHs
(IBU) inflammatory e 0
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Fig. 2.1. UV-Visible spectra of the mixture of PAA and Cr(III) collected at different time at pH
6.0. (Experimental conditions: [PAA]= 1315.0 uM; [Cr(IIT)] = 100.0 uM; [NaoHPO4] = 10.0
mM)
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Fig. 2.2. Degradation of TMP at different concentrations Cr(III) at pH 6.0 with oxidants H>O» or
PAA. (Experimental condition: [TMP] = 5.0 uM, [Cr(IIT)] = 13.15 - 1315 uM, [PAA] = 1315.0
uM, [H202] = 520.5 uM; [Na2HPO4] = 10.0 mM)
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Fig. 2.3. Degradation of 5.0 uM TMP over 5.0 hours at pH 8.0, 9.0, and 10.0 with [Cr(IIT)] =
263.0 uM and [PAA] = 1315.0 uM and [Na;HPO4] = 10.0 mM.
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Fraction of Species

Fig. 2.4. Fraction of Cr(III) species as a function of pH with solution in equilibrium with Cr(OH)3
(s). Redrawn from *°.
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Fig. 2.5. Degradation of TMP in 2.0 hours at pH 8.0 indicating that PAA-Cr(III) yields the
highest degradation compared to all other systems. (Experimental condition: [TMP] = 5.0 uM,
[Cr(II)] = 13.15 — 1315 pM, [PAA] = 1315.0 uM, [H202] = 520.5 uM; [AcA] =2.055 mM;
[Na2HPO4] = 10.0 mM)
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Fig. 2.6. Degradation of 5.0 uM pollutants over 1.0 and 2.0 hours at pH 8.0 ([NaHPO4] = 10.0
mM) with [Cr(IIT)] =263.0 uM and [PAA] = 1315 uM. (Abbreviations: ENR — enrofloxacin;
TMP — trimethoprim; SMX — sulfamethoxazole; CBZ — carbamazepine; IBU — ibuprofen)
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Fig. 2.7. UV-Visible spectra of mixing solution of PAA and Cr(III) at pH 8.0. (Experimental
condition: [Cr(IIT)] =100.0 uM; [PAA] = 500.0 — 5000.0 uM; [NaHPO4] = 10.0 mM)
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Fig. 2.8. UV-Visible spectra of Cr(VI)/PAA system at pH 8.0 indicating no significant change in
Cr(VI) absorbance over 1.0 hour. (Experimental condition: [Cr(VI)] = 100.0 uM; [PAA] = 500.0
uM; [Na2HPO4] = 10.0 mM)
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Fig. 2.9. Concentration of TMP in the mixed solution of TMP-Cr(VI)-PAA at pH 6.0 or 4.0
within 2.0 and 1.0 h, respectively. (Experimental conditions: [TMP] = 5.0 uM; [Cr(VI)] = 5.0 —
1000.0 uM; [PAA] = 100.0 uM; [NaaHPO4] = 10.0 mM)
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Fig. 2.10. Change in UV-Visible absorbance of 500.0 uM Cr(VI) and 500.0 uM Asc at pH 7.0
([NazHPO4] = 10.0 mM) over 1.0 hour at 265 nm and 372 nm; indicating purging the system
with Nz () for 15 minutes had no significant impact on Asc oxidation or Cr(VI) reduction.
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Fig. 2.11. Degradation of 5.0 TMP in 1.0 h at pH 7.0 ([NaHPO4] = 10.0 mM) in 500.0 pM Asc
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absorbance at 372 nm in 1.0 h under conditions of 500.0 uM Cr(VI) and 500.0 uM Asc at pH
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Fig. 2.12. Degradation of TMP in PAA-Cr(III) system at pH 8.0 indicating quenching of the
*OH yet a negligible detection of PAA radicals. (Experimental conditions: [TMP] = 5.0 uM;
[Cr(II)] = 13.15 - 1315 uM; [PAA] = 1315 uM; [BA] = 13.16 mM; [2,4-HD] = 5.0 mM;
[Na;HPO4] = 10.0 mM)
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Fig. 2.14. Oxidation of 200.0 uM PMSO to PMSO:; in 2.0 hours by 1315 uM PAA alone and
with 263.0 uM Cr(I1I) at pH 8.0 ([Na2HPO4] = 10.0 mM).
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CHAPTER 3

Conclusions and perspectives

Environmental ubiquity of chromium, its industrial applications, and varying toxicity based
on oxidation state give reason to the continued interest in this widespread element. Toxicity studies
under biological environments clearly suggest the role of high-valent Cr(V) and Cr(IV) species.'
Comparatively, roles of such intermediate Cr species in environmental processes and exploration
of their potential uses in redox reactions of Cr is lacking greatly. Chapter 1 provides fundamental
knowledge known for Cr(V) and Cr(IV) in aquatic environments to guide researchers to
characterize them using spectroscopic methods such as UV-visible and EPR techniques and
subsequently perform mechanistic evaluation of the redox system. Additionally, examples
presented on various redox reactions of Cr may assist in designing the experiments to evaluate
potential of Cr(V) and/or Cr(IV) species in the environmental systems of interest. Furthermore,
formation of Cr(V) and Cr(IV) during the interaction of Cr(VI)/Cr(III) with functionalities of NOM
needs further in-depth investigations to learn their role in various natural and engineered processes
including decontamination of organic contaminants.

With the rise of popularity in use of PAA in wastewater treatment, it becomes important
to analyze potential inadvertent mechanisms in the water matrix. The research presented in
Chapter 2 systematically investigated the kinetics and mechanism to learn if the interaction of
Cr(IIT) and PAA occurred under the conditions relevant to wastewater treatment. The interaction
produced reactive species that could degrade a wide range of coexisting organic pollutants
present in water. Degradation of organic pollutants depended on their molecular structure.

Reactive species in this system responsible for the degradation of pollutants were *OH radicals

76



and Cr(IV)/Cr(V) species, which were confirmed by chemical probes in degradation kinetics,
UV-visible, and EPR spectroscopy measurements. The results also showed the formation of

Cr(VI) through the interaction of Cr(IIl) and PAA under certain conditions.

It is possible that Cr(III) from may enter wastewater treatment posing two primary
implications: formation of undesired Cr(VI) and degradation of recalcitrant organic
contaminants. Moreover, just as residual chlorine has shown to oxidize Cr(0) and/or Cr(III) to
Cr(VI) in drinking water distribution pipes, PAA may function in a similar fashion.?* Notably,
implementation of Cr(III) to activate PAA is not recommended because of potentially formed
Cr(VI) in wastewater that would require additional treatment to remediate it. Future studies may
look at how PAA could oxidize Cr(0) existing in iron corrosion scales from drinking water pipes.

This may add insight to the disadvantages of such a promising disinfectant.

The presented research herein advances scientific understanding on PAA activation by
metal ions, the potential of Cr(IV) and Cr(V) in pollutant degradation, and on mechanisms for

possible undesirable production of Cr(VI) under certain environmental conditions.
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